GdBa 2 Cu 3 O y (GdBCO) and Sm 0.33 Eu 0.33 Gd 0.33 Ba 2 Cu 3 O y (SEG) films were prepared by metal-organic deposition (MOD) using two fluorine-free solutions: a metal 2-ethylhexanate (2-EH) and a complex solution (CS) consisting of metal 2-EH and metal-naphthenate. We investigated the effects of these new fluorine-free solutions, and their potential use in the fabrication of several REBCO (RE: rare earth) materials. The crystal growth, surface morphology, and superconducting properties of films prepared on single-crystal LaAlO 3 substrates at low oxygen partial pressure strongly depended upon the coating solution used. Films prepared using 2-EH exhibited improved thermal stability of the superconducting phase during heat treatment. On the other hand, films prepared by CS had a flat superconducting matrix, with a roughness of several tens of nm and large precipitates 2-3 μm in diameter. In addition, the CS films had a higher critical temperature (91.2 K) than the 2-EH film. The zero-field critical current density at 77.3 K was 0.19 MA/cm 2 for 2-EH films, and 0.61 MA/cm 2 for CS films.
Introduction
REBCO superconducting thin films have been extensively investigated for application as second-generation superconducting wires for electric-power transmission or high magnetic field generation. Advanced REBCO superconductors can contain two or three different RE elements. Nd 0.33 Eu 0.33 Gd 0.33 BCO (NEG) and (Y x -Sm 1-x )BCO superconductors, for example, have attracted considerable interest because of their high J c -B performance compared to single-element REBCOs. [1] [2] REBCOs containing Gd, such as NEG, are attractive candidates for superconducting wires because they have relatively high critical temperatures (T c ), and contain effective pinning centers, which are formed by RE/Ba substitution. 3 The MOD technique is a cost-effective process suitable for the mass production of REBCO-coated conductors. REBCO films with high J c values have been studied using the MOD technique with trifluoroacetate (TFA) coating solutions. 4 , 5 MOD employing fluorine-free solutions has the advantages of a simpler process and a shorter heating process than TFA-MOD, because removal of fluorine from the films unnecessary. [6] [7] [8] We previously reported that the reproducibility of high-T c and surface flatness of GdBa 2 Cu 3 O y (GdBCO) films was improved by using fluorine-free complex solutions. 9 Here, we report our investigation of the effects of using two different fluorine- Finally, the 100-nm-thick films were annealed at 350°C for 2 h in O 2 under a flow rate of 0.1 l min -1 , then cooled to 200°C at a cooling rate of -3°C min -1 . The phases in the films were identified by X-ray diffractometry (XRD), and the electrical resistivities of the samples were measured by a standard four-probe technique to determine T c values. The J c values of samples under a magnetic field were calculated from the B-M curves measured by a superconducting quantum interference device (SQUID). The surfaces of the samples were characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The compositions of the films were measured by energy dispersive X-ray spectroscopy (EDX). Figure 1 shows XRD patterns and T c values for GdBCO and SEG films from 2-EH and CS solutions, fired at 850°C for 30 min. The strong peaks of a c-axis oriented REBCO phase were observed for all films. In addition, although GdBCO films prepared by MOD using metal-naphthenate on single-crystal SrTiO 3 had peaks from an a-axis oriented GdBCO phase, GdBCO and SEG films on LaAlO 3 had no such peaks. 10 This was probably due to the firing temperatures used in the present study. Previous research on the vapor deposition of REBCO films reported that the a-axis oriented REBCO phase grows at lower temperatures than the c-axis oriented REBCO phase. 11 2-EH solutions require a high crystallization temperature, significantly higher than the growth temperature range for the a-axis oriented REBCO phase. The high lattice mismatch between LaAlO 3 and a-axis oriented REBCO is an additional contributing factor. Figure 2 shows the dependence of T c for GdBCO and SEG films using 2-EH (2-EH films) and CS (CS films) on firing temperature. CS films fired at 845°C -855°C had high T c , approaching 90 K, but their T c values decreased at firing temperatures above 860°C. On the other hand, 2-EH films fired below 860°C had T c values slightly lower than those of CS films. However, 2-EH films fired at 860°C showed no decrease in T c . The difference in the firing temperature dependence of T c between CS and 2-EH films may arise from a difference in the decomposition process of the coating materials. REBCO films prepared from coating solutions containing metal-napthenates tended to decompose more easily at high temperature than films prepared from 2-EH. Additionally, the T c values of SEG films were lower than those of GdBCO films, except at certain firing temperatures. Trivalent RE elements with relatively large ionic radii, such as Sm or Eu, are well-known to partially substitute for a divalent Ba-site. 12, 13 Therefore, the relatively low T c values of the SEG films may be due to a decrease in carrier density caused by the RE/Ba substitution. Figure 3 shows SEM images of GdBCO and SEG films prepared from 2-EH and CS, then fired at 850°C for 30 min. A clear difference was observed between 2-EH films (Figs. 3(a) and (b) ) and CS films (Figs. 3(c) and (d) ). Platelet-like crystal growth of the superconducting phase was observed in the 2-EH films. Randomly oriented grains containing barium-poor needle-like crystals between the platelet-like crystals were confirmed by EDX. On the other hand, the CS films had a superconducting matrix with a smooth surface, which contained many large spherical precipitates. It is unlikely that these precipitates would degrade the superconducting characteristics, because the superconducting currents can flow through the matrix with zero resistance. The precipitates consisted of barium and copper oxides, unlike the precipitates observed in the 2-EH films. Considering the above precipitates, the compositions of the films must have been different from the stoichiometric compositions before and after the firing treatment. In fact, the superconducting matrix of the CS films were Ba-poor. However, no severe degradation of superconducting properties was observed in the CS films with Ba-poor compositions, 14 nor was there any significant morphological difference between GdBCO and SEG films. Figure 4 shows AFM images of SEG films prepared using 2-EH and CS, then fired at 850°C for 30 min. A layered structure of several platelet-crystals 100-200 nm thick was observed at the 2-EH-film surface. In addition, these platelet-crystals had very flat surfaces, with a roughness of only several tens of nm, which contained dispersed fine precipitates about 100 nm in size. On the other hand, the CS films had a flat superconducting matrix, with roughness of several tens of nm, and many large precipitates 2-3 μm in diameter. However, no cracks were observed in the CS films, unlike the 2-EH-films. Considering previous observations in which similar square platelet-crystals were observed in REBCO films prepared by metal-naphthenates, 15 the flat surface of the CS films may be due to the formation of a pseudo-liquid phase due to the addition of metal-naphthenates with a decomposition temperature below that of 2-EH. The magnetic field dependence of J c , measured at 77.3 K, for REBCO films prepared from various coating materials is shown in Figure 5 . The J c values of the 2-EH and CS GdBCO films were 0.19 MA/cm 2 and 0.61 MA/cm 2 at zero-field, respectively. High-J c REBCO films over several MA/cm 2 have reportedly been successfully prepared by the so-called BaF 2 process. 4, 5 High J c values of 4.5 MA/cm 2 were also reported for REBCO films prepared using the MOD process with fluorine-free acetylacetonate coating solutions. 16 The relatively low J c value of the 2-EH films in the present work was likely due to the numerous precipitates between the grains on the surface. Since the reproducibility of T c values for metal-naphthenate films was insufficient for practical application, CS is the more promising method of improving the surface morphology of GdBCO and SEG films by MOD. Further investigation is necessary to clarify the effects of CS on J c values of the films.
Results and Discussion

Conclusion
GdBCO and SEG films were prepared by MOD using fluorine-free solutions of 2-EH and CS. The surface morphology and superconducting properties of the films prepared on LaAlO 3 single-crystal substrates strongly depended on the composition of the coating solution. 2-EH films demonstrated improved thermal stability of the superconducting phase during heat treatment. On the other hand, CS films had a flat superconducting matrix, with a roughness of several tens of nm and large precipitates 2-3 μm in diameter. These precipitates are unlikely to have any serious influence on the superconducting characteristics because they are completely surrounded by a continuous, zero-resistance superconducting matrix. These CS films exhibited a higher T c of 91.2 K and J c of 0.61 MA/cm 2 at 77.3 K at zero-field, while the 2-EH film had a T c of 86.8 K and a J c of 0.19 MA/cm 2 . 
